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Abstract 
Carbon nanotube reinforced aluminium nano-composites were produced using powder metallurgy route with different weight 
percent of CNT into the Al matrix. The wear behaviour of pure aluminium (Al) and carbon nanotube reinforced aluminium 
(CNT-Al) nano-composite with different CNT content were studied with a pin-on-disc tribometer, sliding against AISI52100 
steel disc. Experiments were conducted using different sliding velocities of 0.5, 0.65 and 0.79 m/s and a normal load of 5.5, 7.2 
and 10 N. From the wear map it is observed that, during dry sliding wear an increase of any of the operating condition such as 
normal applied load, sliding velocity, or duration of rubbing leads at some stage to a sudden change in the wear rate (weight loss 
per sliding distance). The simplest categories of wear exhibiting at different wear rates are mild and severe wear. Mild wear 
marks a smooth surface that often is smoother than the original surface, with minimum plastic deformation and oxide wear 
debris. CNT-Al nano-composite shows lower wear rate than pure aluminium and wear rate of all the tested materials increases 
with increasing normal applied load. Wear rate decreases with increasing CNT content from 0-1.5 wt% and increase slightly 
from 1.5-2 wt%, then increase rapidly after this range of CNT content. A distinctive abrasive and adhesive type of wear were 
observed from the morphological image of the worn surface. 
© 2013 The Authors. Published by Elsevier Ltd.  
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1. Introduction 
Aluminium in its pure form is very soft and cannot withstand excessive wear and friction during operation. 
Recently, there is a high demand to improve its mechanical properties, wear and frictional resistance due to the high 
demand of lightweight, energy servings and efficient material.  The uses of aluminium alloys in some industries 
such as automotive have been limited by their substandard strength, rigidity and wear resistance, compared 
aluminium based composite especially nano-composite materials [1-3]. Aluminium nano-composites, however, 
offer reduced mass, high stiffness and strength, and improved wear and frictional resistance. From the wear map it is 
observed that, during dry sliding wear an increase of any of the operating condition such as normal applied load, 
sliding velocity, or duration of rubbing leads at some stage to a sudden change in the wear rate (weight loss per 
sliding distance). The simplest categories of the types of wear exhibiting these different wear rates is mild wear and 
severe wear. Mild wear marks a smooth surface that often is smoother than the original surface, with minimum 
plastic deformation and oxide wear debris [4, 5]. Severe wear results in a rough surface that is typically rougher than 
the original surface, with large plastic deformation and flake-like metallic wear debris [6, 7]. Today many 
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researchers had introduced advance materials as a substitute to the traditionally used materials as these modified 
materials are light weight and excellent in wear and friction resistance, as well as improved life span [8, 9]. 
Scientific ideology and calculating methods of creating new materials/composites and estimation of its wear 
resistance of friction nodes as well as physical simulation of friction and wear processes on a small-sized laboratory 
test machine need to be carried out experimentally before a future material/composite is commercially introduced in 
the market. Before the advent of the proposed composite material, a suitable type of wear test equipment should be 
used together with a suitable parameters selected which reflect the real time application of the composite. Examples 
of this parameters are testing techniques, type of counterface used against the test samples, sliding velocities, sliding 
distances, applied loads, contact conditions and orientations of the test specimen with respect to the sliding direction 
of the counterface. Based on this idea the present authors proposed CNT-Al nano-composite material to be used for 
brake disc application and to be tested before introduce in to the commercial sector. The main aim of this study is to 
present a wear map as a tool to analyse and identify the wear regime for CNT-Al nano-composite developed using 
powder metallurgy route with the data generated by wear and friction test using pin-on-disc machine.  
2. Experimental details 
2.1 Materials 
The composite were fabricated using pure aluminium (Al) (99.7%), with particle size of 78 μm which has nearly 
spherical shape with some satellite sub-particles obtained from Innovative Pultrusion Sdn Bhd, a local supplier for 
the aluminium powder was used as a matrix material. The multi walled carbon nano tubes (MWCNTs) with a 
nominal diameter of 10 nm, length of 5-15 μm, and surface area of 230-280 m2g-1 was also obtained from the same 
supplier in Malaysia and used as a reinforcement. Ethanol was used as a process control agent (PCA) during the ball 
milling of CNT and Al powders. The composition of CNT-Al nano-composite is presented in Table 1. 
2.2 Fabrication of nano-composites material 
The composite was made based on the percentage composition of CNT in to the Al powder. High energy 
planetary ball mill machine with 250 ml stainless steel jar, steel balls of 10mm diameter was used for the fabrication 
of CNT-Al nano-composite powder, and to ensure the effective dispersion of CNT in to the Al matrix. The jar was 
filled with argon gas and the ball mill operations was performed using planetary mill (FRITSCH pulverisette 5 
05.5000/00409) at constant speed of 300 rpm for three different milling time of 1, 2 and 3 hours. Samples were 
extruded from each batch at regular interval of 1 hr for analysis using a FESEM in order to investigate the dispersion 
of the CNTs in the Al matrix and also to analyze the nano-composite particle morphology and shape. Each 
composition was compacted using cold unidirectional pressing machine at the pressure of 48 MPa for each sample. 
The mould for the sample compaction was 10 x 10 x 20 mm to make the standard size for pin-on-disc machine 
sample. The samples were sintered using hot isostatic press (HIP) machine (HP630) at 500 oC and the argon gas was 
supplied at the pressure of 17 MPa for 60 min to control the atmosphere in the process.  
2.3 Wear test  
Pin-on-disc machine was used to conduct the experiment based on ASTM G99 standard. It has the same working 
principle with the commonly used pin on ring. However, the test specimen with size of 10mm x 10mm 20mm 
subjected to the counterface exhibits a unvarying contact area all through the test. The test specimen is set 
perpendicular and horizontal to the counterface. A load cell is directly included in the load lever of the machine to 
capture frictional forces during the test. A counter weight balancer is incorporated at the end of machine’s load lever 
to balance the lever arm before starting the testing. This is step has to be done when no load is applied. The 
counterface material depend on the nature of the test, it can be of various types (i.e. metal, cast iron, titanium, 
aluminium, stainless steel, etc). Commonly, this test is simulated for applications such as sliding wear of various 
materials where constant contact area of interest. When the machine and sample setting is done, then the experiment 
started for a period of 12 min.  
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Table 1. Percentage composition of CNT-Al nano-composite 
3 Result and discussion 
3.1 Wear mechanism characterization 
Fig. 1 shows SEM morphologies of the worn surfaces of the CNT-Al nano-composite at different load of 5.5, 7.2, 
and 10 N. The worn surface of Al (0 wt %) shows a distinctive characteristic of abrasive and adhesive wear due to 
the confirmation of adhesion and ploughing on the worn surface. During the experiment the counterface disc seized 
three times at 5.5 and 7.2 N loads and once at 10 N loads, it may be as a result of weld which makes contact with 
surface metal that stick out from a surface at some point. This problem only occurred for Al, whilst no such 
predicament was experienced for CNT-Al nano-composite throughout the experimental time. This is due to the self 
lubrication effect of CNT as earlier mentioned. Al wear debris on the worn surface is coated by the disc on the 
contact area forming slow progress. This is because wear debris contain some aluminium oxide, leading to the 
oxidative wear mechanism of the composites [10]. However, based on the SEM morphologies of the worn surface of 
the composite and the delamination theory of wear, it can be deduced that, the delamination wear is the wear 
mechanism. Dislocations at the surface, subsurface crack and void (Fig.1b) are induced due to repeated plastic 
deformation of the surface layer of the composites. This phenomena is from the load applied which cause the 
displacement of atom of the metal from the base unit cell, creating a defect and the atom will not return to the 
original position even after the release of the applied load and the generated energy cannot be recovered. Afterward 
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As a result of the uniform and homogeneous dispersion of CNT in to the Al matrix, the plastic deformation of Al 
is restricted, which prevents the progressive development of the micro-cracks and continues movement of the 
dislocations. It is also observed that, the flake like scars on the worn surface of the nano-composite gradually 
became smaller and the confirmation of ploughing became shallower comparing the images (a) and (e) in Fig. 1. It 
is postulated that the abrasive and adhesive wear of the nano-composites is less predominant when compared with 
pure Al due to the extraordinary and excellent features of CNT that shows an affirmative effect on the Al matrix. 
Fig. 2 presents the FESEM image of the worn surface of CNT-Al nano-composite under 5.5 N loads showing the 
CNT dispersion in to the Al matrix, and it is assume that the dispersion of CNT is uniform and homogeneous in Al 
matrix and the achievement can be as a result of the use of appropriate quantity of ethanol as a process control agent 
and preliminary mixing of CNT and Al via manual hand shake before milling operation. The homogeneity of CNT 
in to the matrix ensures the improvement in wear resistance of the CNT-Al nano-composite.  From Table 1 it is 
deduced that hardness of CNT-Al nano-composite increase with the loading of CNT content. 
 
Fig. 1. SEM Image of the worn surface of (a) 0 wt% , (b) 1 wt%, (c) 1.5 wt%, (d) 2 wt% and (e) 
2.5 wt% CNT-Al nano-composite materials. 
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3.2 Wear mechanism map for CNT-Al nano-composite
From the wear map and the SEM image of wear track both mild wear and severe wear have been identified.
Wear maps of wear rate and CNT weight percentage against sliding velocity is plotted whereby the various sections
related to diverse wear mechanisms and the transitions from mild to severe wear can be identified as shown in Fig. 2.
Each section is defined in terms of wear rate, disc contact surface appearance, metallographic features of disc
sections and wear debris. It was found that mild wear dominated at lower operating condition (load and sliding
speed) which later remain steady with increase in duration of rubbing for CNT-Al nano-composite material, but for 
pure Al material severe wear was clearly occurred. For CNT-Al nano-composite with higher CNT wt% the wear rate
at that point is not mild it is in between the two type of wear, or can be classified as moderate. In the mild system,
wear seems to be dominated by surface oxidation and while in the severe and mixed system of wear, it is dominated
by surface cracking and ploughing. The boundary line between the mild and the transition to mixed wear indicate
the safe operating region of both material and the counterpart, whilst the boundary line between the moderate wear
and the severe wear indicate the service life span of both material and the counterpart as well. From the map it is
deduced that CNT-Al material exhibited most of the wear within the safe region. When comparing the two tested
material that is Al and CNT-Al nano-composite, from the experimental results presented it is evidently shown that,
wear rate of the material (Al) increases with the introduction of CNT as reinforcement. Finally it can be said that
wear rate of CNT-Al nano-composite material lower than that of pure Al.  
Fig. 2 (a) Worn surface of CNT-Al nano-composite at 5.5 N normal applied loads, (b) a portion of worn
surface for mapping, (c) elemental mapping displaying Al in the nano-composite, (d) elemental mapping
displaying CNT in the nano-composite.
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A wear map was developed and it served as a tool which identified and displayed regimes for different type of 
wear and the transition for CNT-Al nano-composite material. The wear data was obtained using pin-on-disc 
apparatus mainly for the purpose of this study. CNT-Al nano-composite shows lower wear rate than pure aluminium 
and wear rate of all the tested materials increases with increase in normal applied load. Wear rate decrease with 
increase in CNT content from 0-1.5 wt% and increase slightly from 1.5-2 wt%, then increase rapidly after this range 
of CNT content. A distinctive abrasive and adhesive wear were observed from the morphological image of the worn 
surface. Hardness increases with increase in CNT content from 0-1.5 wt% and decreased gradually from 2.0 wt%. 
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